< 0.05). The optimum SID Trp to Lys ratios to maximize ADG and G:F as well as to minimize SUN levels were 0.16, 0.17, and 0.16 using a linear-breakpoint model and 0.20, 0.20, and 0.20 using a quadratic model. Tryptophan could influence serum GH and IGF-1 secretion and protein abundance of the muscular AA transporter of SNAT2 in the longissimus dorsi muscle in late finishing gilts fed low-protein diets.
INTRODUCTION
The inclusion of crystalline Trp can allow a reduction in the dietary CP content, reducing N excretion while maintaining pig performance (Kendall et al., 2007) . Knowledge of the appropriate Trp to Lys ratio is important for pigs fed a low-protein diet because of the relatively low concentration of Trp in corn and the high cost of supplementation with crystalline Trp.
Tryptophan is important in swine nutrition not only because it is an essential AA but because it plays many important biological roles in many metabolic pathways (Lewis, 2001; Le Floc'h and Seve, 2007; Ruan et al., 2014) . Feeding animals with adequate or inadequate Trp-containing diets could increase or decrease the secretion of the hormones serotonin and ghrelin (Meeusen et al., 1996; Stancampiano et al., 1997; Zhang et al., 2007) , both of which are involved in the regulation of feed intake and can stimulate GH secretion by the pituitary, which subsequently stimulates IGF-1 synthesis (Kawahara, 2008 ABSTRACT: This study investigated the effects of various standardized ileal digestible (SID) Trp to Lys ratios on the performance and carcass characteristics of late finishing gilts receiving low-CP (9.6%) diets supplemented with crystalline AA. Ninety gilts (89.1 ± 5.1 kg) were used in a dose-response study conducted for 35 d. Crystalline Trp (0, 0.1, 0.2, 0.4, or 0.6 g/kg) was added to a corn-wheat bran basal diet providing SID Trp to Lys ratios of 0.12, 0.15, 0.18, 0.21, or 0.24. Each diet was fed to 6 pens of pigs with 3 gilts per pen. At the end of the experiment, 30 gilts (1 pig per pen) were slaughtered to evaluate carcass traits and meat quality (BW = 121 kg). Increasing the SID Trp to Lys ratio increased ADG (linear and quadratic effect, P < 0.05) and also improved G:F (linear and quadratic effect, P < 0.05). Serum urea nitrogen (SUN) decreased as the SID Trp to Lys ratio increased (linear and quadratic effects, P < 0.05). A quadratic effect of L* light and marbling in the longissimus dorsi was observed as the dietary SID Trp to Lys ratio increased (P < 0.05). Increasing the SID Trp to Lys ratio increased the level of serum GH (quadratic effect, P < 0.05) and also increased the level of serum IGF-1 (linear and quadratic effect, P < 0.05). Increasing the SID Trp to Lys ratio increased the protein abundance of the muscular AA transporter of sodium-coupled neutral amino acid transporter 2 (SNAT2) in the longissimus dorsi muscle (linear and quadratic effect, Pgrowth factor has been demonstrated to upregulate neutral AA transporters to participate in AA absorption in a variety of tissues (Knight et al., 1981; Kniss et al., 1994; Thissen et al., 1994; Roos et al., 2009) . The influx and efflux of AA in muscle is mainly regulated by L-type AA transporters such as L-type amino acid transporter 1 (LAT1) and L-type amino acid transporter 2 (LAT2) and A-type AA transporters such as sodium-coupled neutral amino acid transporter 2 (SNAT2) and sodium-coupled neutral amino acid transporter 3 (SNAT3; Gran and Cameron-Smith, 2011; Suryawan et al., 2013) . Upregulated AA transporters cause greater accumulation of AA in muscle tissue (Nishimura and Naito, 2008) . Therefore, Trp may influence performance through the participation in the GH/IGF-1 endocrine axis and regulation of the amount of AA transporters. Therefore, this study investigated the effects of standardized ileal digestible (SID) Trp to Lys ratio on performance, carcass traits, hormone concentrations, and AA transporters in late finishing gilts fed low-protein diets supplemented with crystalline AA (CAA).
MATERIALS AND METHODS
All experimental procedures and animal care were approved by the China Agricultural University Animal Care and Use Committee (Beijing, China)
Animals, Housing, and Dietary Treatments
This experiment was conducted at the Pig Research Facility at the Swine Nutrition Research Centre of the National Feed Engineering Technology Research Centre (Chengde, Hebei Province, China). Ninety gilts (Duroc × Yorkshire × Landrace; 89.1 ± 5.1 kg) were allotted to 1 of 5 dietary treatments providing SID Trp to Lys ratios of 0.12, 0.15, 0.18, 0.21, or 0.24 (Tables 1 and 2 ). The experiment lasted for 35 d.
Three gilts were housed per pen (2.4 by 1.8 m pens with partially steel-slatted concrete flooring) in a finishing facility with 6 pens per treatment in a randomized complete block design. Each pen was equipped with a stainless steel self-feeder and a nipple drinker. Pens of pigs had free access to water and feed. At the beginning and end of the experiment, all gilts were weighed after an overnight fast (feeders were cleaned out) and feed disappearance was measured to determine ADG, ADFI, and G:F.
The gilts received a commercially prepared diet for the first 5 d and the commercial diet was progressively replaced by the experimental diets during the next 4 d. The experiments started on the 10th day. The experimental diets were formulated based on corn and 3 Values for SID concentrations of AA for the diets were estimated using SID coefficients for the various ingredients provided by the NRC (2012).
wheat bran and provided 0.51% SID Lys ensuring that Lys was marginally deficient for pigs based on the reference value of 0.64% published by the NRC (2012), which avoids the underestimation for the derived AA to Lys ratio by an excess level of Lys (Boisen et al., 2000) .
With the exception of Trp, the SID ratios of the remaining indispensable AA to Lys were formulated to exceed 110% of the recommendations of the NRC (2012). The SID AA content for all experimental diets were estimated by multiplying the total AA levels in corn and wheat bran by the SID coefficients for the corresponding AA in those feedstuffs obtained from the NRC (2012) and summing the values. The efficiency of the utilization of CAA was assumed to be 100% (Tuitoek et al., 1997) .
Blood Collection and Animal Sampling
Blood samples (1 pig per pen) were collected via jugular venipuncture and placed in 10-mL heparinfree vacutainer tubes on Day 35 (Becton Dickinson Vacutainer systems; Becton, Dickinson and Company, Franklin Lakes, NJ). Following collection, blood samples were stored on ice for 1 h and then the serum was obtained by centrifugation at 3,000 × g at 25°C for 10 min (Heraeus Biofuge 22R Centrifuge; Heraeus Holding GmbH, Hanau, Germany). The serum was stored at -80°C until analyzed.
Thirty gilts (1 pig per pen) were randomly selected for slaughter at a weight of approximately 121 kg after an overnight fast on Day 36 to determine carcass traits. Gilts were killed under commercial conditions at the Beijing Yuhang Meat Processing Facility (Beijing, China). At slaughter, HCW, carcass yield, and carcass length were immediately recorded. The right carcass was split to allow measurement of the longissimus dorsi area, 45-min and 24-h pH (handheld pH meter, model 2000; VWR Scientific Products Co., South Plainfield, NJ), and fat depth between the 10th and 11th rib. Carcass fat-free lean gain was calculated using the equations of the National Pork Producers Council (1994). Drip loss was calculated by hanging a loin section (100-g LM sample) in an inflated and closed plastic bag for 24 h at 4°C (King et al., 2000) . Muscle marbling was determined according to National Pork Producers Council (1994) guidelines and the CIELab L* (lightness), a* (redness), and b* (yellowness) color was determined using a Chromameter (CR410; Minolta, Osaka, Japan).
Chemical Analyses
The CP content (AOAC International method 984.13) in the experimental diets was analyzed according to AOAC International (2003) procedures. The AA content in the feeds (except for Met, Cys, and Trp) were detected by ion-exchange chromatography using a Hitachi L-8800 AA Analyzer (Hitachi, Tokyo, Japan) following acid hydrolysis with 6 N HCl. Dietary Met and Cys were measured by acid hydrolysis with HCl after an oxidation step for quantification of total sulfur and Trp was determined using reverse-phase HPLC (Waters 2690; Waters, Milford, MA) after alkaline hydrolysis at 120°C for 16 h.
After the frozen serum samples were thawed at 4°C, serum urea nitrogen (SUN) concentration was determined with a blood urea nitrogen color test kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Serum GH and IGF-1 concentrations were measured with a swine ELISA kit (Huijia Biotech Company, Xiamen, China) following the instructions of the manufacturer.
Western Blot Analysis
Relative protein levels for SNAT2 and LAT1, obtained from the longissimus lumborum muscle, were determined by the western blot technique. The frozen muscular samples were powdered under liquid nitrogen and then lysed in radioimmune precipitation assay buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris-HCl at pH 7.4) plus a protease inhibitor cocktail purchased from Apply Gene (Beijing, China) for protein extraction. Protein concentrations were determined using a BCA (bicinchoninic acid) Protein Assay Kit (Thermo Scientific Pierce, Rockford, IL). Equal amounts of proteins (30 mg) were electrophoresed on SDS polyacrylamide gels. Prestained protein markers (Thermo Scientific Fermentas, Waltham, MA) were analyzed in each gel. Proteins were electrotransferred to a polyvinylidene difluoride membrane (EMD Millipore, Bedford, MA) and blocked with 5% nonfat dry milk overnight at 4°C. The transfer efficiency was assessed by gel staining with Coomassie Blue.
Samples were incubated with corresponding primary antibodies (1:500 dilution for 2 h at 25°C or overnight at 4°C) against LAT1 (catalog number 5347; Cell Signaling Technology, Santa Cruz, CA) and SNAT2 (catalog number Sc-67081; Santa Cruz Biotechnology, Santa Cruz, CA). After being washed with Tris-Tween-20 buffer (pH 7.4), membranes were incubated with a secondary antibody (horseradish peroxidase-conjugated goat anti-rabbit IgG; Zhongsan Gold Bridge, Beijing, China) at a 1:7,000 dilution for 1 h at room temperature. The membrane was exposed to X-ray film for 1 min. Band densities were detected with a Western Blot Luminence Reagent (Santa Cruz Biotechnology) and quantified using an AlphaImager 2200 (Alpha Innotech, San Leandro, CA). 
Statistical Analyses
Data were analyzed by the GLM procedure of SAS (version 6.12; SAS Inst. Inc., Cary, NC) using a randomized complete block design. Means are expressed as least squares means with pen as the experimental unit. An α level of P ≤ 0.05 was the criterion for statistical significance. Polynomial contrasts were performed to determine linear and quadratic relationships of SID Trp to Lys ratio. Estimates of AA requirements for optimum performance and SUN were determined by subjecting the data to least squares, broken-line methodology (y = L + U × (b -x), in which b -x = 0 when x > b; L = plateau, U = slope, and b = breakpoint) as well as determining the asymptote of the quadratically fitted line using the NLIN procedure of SAS (Robbins et al., 2006) .
RESULTS

Performance and Serum Urea Nitrogen
Performance and SUN are shown in Table 3 . Increasing the SID Trp to Lys ratio from 0.12 to 0.24 increased ADG (linear and quadratic effects, P < 0.05) and also improved G:F (linear and quadratic effects, P < 0.05). Serum urea nitrogen decreased as the SID Trp to Lys ratio increased (linear and quadratic effects, P < 0.05).
Carcass Traits and Meat Quality
Carcass traits and meat quality of pigs are shown in Table 4 . There were no significant effects obtained for carcass yield, carcass length, 10th rib fat depth, and loin muscle area as the SID Trp to Lys ratio increased. Marbling (quadratic effect, P < 0.05) and L* light (quadratic effect, P < 0.05) were affected by increasing the SID Trp to Lys ratio from 0.12 to 0.24.
Broken-Line and Quadratic Analyses
The linear broken-line model estimated the optimum dietary SID Trp to Lys ratios as 0.16, 0.17, and 0.16 to maximize ADG and G:F and minimize SUN. The quadratic analysis model estimated the optimum SID Trp to Lys ratios as 0.20, 0.20, and 0.20 to maximize ADG and G:F and minimize SUN (Fig. 1, 2 , and 3).
Hormone Concentrations
Serum-hormone concentrations are shown in Table 5 . Increasing the SID Trp to Lys ratio increased the level of serum GH (quadratic effect, P < 0.05) and also increased the level of serum IGF-1 (linear and quadratic effect, P < 0.05).
Protein Expression of Amino Acid Transporters
The results of the western blot analysis indicated the presence of LAT1 and SNAT2 in longissimus dorsi muscle (Table 6 ; Fig. 4) . No difference in the LAT1 protein was obtained by a change in the SID Trp to Lys ratio (P > 0.05). Increasing the SID Trp to Lys ratio increased the protein abundance of SNAT2 in the longissimus dorsi muscle (linear and quadratic effect, P < 0.05).
DISCUSSION
Economic and environmental advantages may be achieved for swine producers by replacing a portion of the dietary soybean meal in swine diets with CAA and reducing the CP content of the diet (Deng et al., 2007) . Pigs fed low-CP diets supplemented with CAA have been shown to achieve the same performance as those fed normal protein levels (Kerr et al., 2003) .
A better understanding of the Trp to Lys ratio becomes increasingly important to allow the appropriate levels of CAA to be supplemented in low-protein diets to reduce N excretion while maintaining the performance of late finishing pigs (Kendall et al., 2007) . The NRC (2012) has recently published an estimate of the SID Trp to Lys ratio of 0.18 for late finishing gilts fed normal CP diets. However, this estimate was determined using a prediction model and limited empirical data have validated this estimate. In addition, the recommend SID Trp to Lys ratio of the NRC (2012) was estimated on the basis of normal protein levels and there is limited data determining the requirement of pigs fed low-CP diets supplemented with CAA. The requirement might change because of the different efficiency of AA utilization between CAA and intact feed ingredients (Yin et al., 2008) . Therefore, in the present study, the effects of altering SID Trp to Lys ratios on the performance and carcass characteristics were investigated in late finishing gilts receiving low-CP diets supplemented with CAA.
To express the AA requirement relative to Lys to determine the estimate ratio, it is important that Lys be at a suboptimal level after the studied AA to ensure that the derived AA to Lys ratio is not underestimated by an excess level of Lys (Boisen et al., 2000) . Therefore, in the present study, the appropriate SID Trp to Lys ratio was investigated by setting an SID Lys level of 0.51% (about 20% lower than the NRC's recommendation), whereas the other indispensable AA (except for Trp) were formulated to provide at least 110% of the SID requirements relative to Lys for all other AA as recommended by the NRC (2012).
Dietary Trp levels may influence the secretion of hormones such as ghrelin and 5-hydroxytryptamine, which may induce a significant increase in feed intake and a reduction of preslaughter stress for pigs (Stancampiano et al., 1997; Guzik et al., 2006; Le Floc'h and Seve, 2007; Zhang et al., 2007) . In previous studies, the increases in pig growth as a result of increasing dietary Trp were mainly associated with an increase in appetite (Henry, 1995; Henry et al., 1996) . However, no improvement in ADFI was observed in the current study, which may be due to the limited range of SID Trp to Lys ratios used.
A decrease or increase in dietary Trp may result in a reduction or a stimulation of serotonin synthesis and may also stimulate GH and IGF-1 secretion (Hamon et al., 1980; Sharp et al., 1992) . Growth hormone was demonstrated to stimulate muscle protein synthesis, muscle strength, and muscle morphology (Taaffe et al., 1996; Johannsson et al., 1997) and IGF-1 could exert a GH-like action in protein metabolism and muscle growth (Fryburg, 1994) . In this study, the concentrations of IGF-1 and GH were correlated to dietary Trp to Lys ratio. In addition, IGF-1 mainly regulates the growth of lean meat (Owens et al., 1999) and has a negative correlation with backfat thickness (Cameron et al., 2003) . However, this effect was not observed in the current study, which may indicate that the range of SID Trp to Lys ratio from 0.12 to 0.24 was insufficient to affect backfat thickness.
Insulin-like growth factor has been shown to regulate AA transporters in many tissues (Knight et al., 1981; Kniss et al., 1994; Thissen et al., 1994; Roos et al., 2009 ). In addition, many studies have demonstrated that AA (Arg, Thr, and branched-chained AA) might improve the AA utilization of pigs by regulating the AA transporters in intestine or muscle (Wang et al., 2007; Yin et al., 2008; Zhang et al., 2013) . In this experiment, 2 types of AA transporters (L-type, LAT1, and A-type, SNAT2) were detected in the longissimus dorsi muscle. Large neutral AA (branched-chain AA and aromatic AA) in the plasma are mainly taken up into the muscle by the large neutral AA transporter LAT1 (Kido et al., 2001; Suryawan et al., 2013) . In contrast, SNAT2 transports glutamine into the cell in order for the LAT1-CD98 bitransport system to export glutamine and increase the influx of large neutral AA such as Leu (Mackenzie and Erickson, 2004; Baird et al., 2009) . These 2 transporters were selected in this experiment not only because of the evidence that they can transport AA from plasma into muscle but also because expression of both LAT1 and SNAT2 is related to the activation of the mammalian target of rapamycin (mTOR) signaling pathway (Nicklin et al., 2009; Pinilla et al., 2010) . In this study, linear and quadratic effects were observed in SNAT2 expression of longissimus dorsi muscle by increasing dietary SID Trp to Lys ratios from 0.12 to 0.24. A deficiency or excess of crystalline Trp inclusion in the diet may have a negative effect on the expression of muscular AA transporter. In addition, a similar trend was obtained improving performance and increasing serum GH and IGF-1 concentrations. This means that in the late finishing period, Trp could regulate pig performance and upregulate of hormones such as GH and IGF-1 and SNAT2 to transport more neutral AA into muscle. Therefore, it is important to provide the appropriate SID Trp to Lys ratio for late finishing pigs.
In AA dose-response studies, the estimate of the appropriate ratio of SID Trp to Lys can be greatly influenced by the statistical methods used to interpret the data (Robbins et al., 2006) . Estimates from quadratic models resulted in requirement estimates higher than those obtained from the linear-breakpoint models (Baker, 1986) . The linear-breakpoint model assumes a constant dose response of AA utilization selecting the breakpoint of the 2 lines as the requirement, whereas the quadratic model effectively increases or decreases at the breakpoint when it becomes "safe" or "meets requirements" (Robbins et al., 2006) . Both linear broken line and quadratic models were chosen in the present study, which estimated the appropriate SID Trp to Lys ratios from 0.16 to 0.20. However, quadratic estimation of the amount of AA to reach 100% of the maximum commonly overestimates the requirement (Baker, 1986) . In comparison, the linear-breakpoint model avoids the bias of arbitrarily selecting the asymptote as the requirement (Robbins et al., 2006) . Therefore, the appropriate SID Trp to Lys ratio was obtained by the linear-breakpoint model in this study.
In the present study, the appropriate SID Trp to Lys ratio was dependent on whether ADG, G:F, or SUN was used as the response criteria, in which the estimate of 0.17 derived using G:F as the response criteria is more accepted in practical feed formulation due to the fact that there are economic advantages for improving G:F and none for SUN (Susenbeth, 2006) .
In addition, the marbling and meat color were quadratically affected by the SID Trp to Lys ratios from 0.12 to 0.24, both of which are important organoleptic characteristics to consumers, which represent perceived tenderness and freshness, respectively (Faucitano et al., 2004; Tapp et al., 2011) . No other effects in meat quality were observed by increasing SID Trp to Lys ratio in this study.
Conclusions
The appropriate SID Trp to Lys ratio was estimated as 0.17 for 89-to 121-kg gilts fed low-CP diets using G:F as the response criteria, which is similar to the recommend ratio from the NRC (2012). In addition, increasing the dietary Trp inclusion above the requirement for performance appeared to have no beneficial effects on carcass traits for late finishing gilts fed low-protein diets. Tryptophan could influence serum GH and IGF-1 secretion and protein abundance of the muscular AA transporter of SNAT2 in the longissimus dorsi muscle. . Western blot analysis of the proteins LAT1 (A) and SNAT2 (B) obtained from a whole homogenized section of the longissimus dorsi muscle obtained from gilts fed low-protein diets with standardized ileal digestible Trp to Lys ratios from 0.12 to 0.24. β-Actin was used as an internal standard to normalize the signal.
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